Despite long-standing interest, the molecular mechanisms underlying the establishment of anterior-posterior (AP) polarity remain among the unsolved mysteries in metazoans.
Introduction
Planarians are one of the most useful animals for investigation of the molecular and cellular mechanisms by which the anterior-posterior (AP) polarity of the body is established during regeneration. It is well known that planarians regenerate a head or a tail from the anterior and posterior ends, respectively, of the amputated stump, with maintenance of the original AP polarity. More than a century ago, T.H. Morgan reported one of the earliest descriptions of 'polarity' in planarian regeneration (1) , based on his findings that very thin cross-sectional fragments made by cutting along the AP axis regenerated bipolar two-headed planarians (2) , termed "Janus-heads" (an allusion to the Roman god Janus; 3, 4). Since then, much effort has been focused on this fascinating maintenance of the original polarity, and its disruption, such as the induction of Janus-heads formation by treatment with colchicine or colcemid (5, 6), although the molecular mechanisms still remain unknown.
activation of Wnt signals to fully understand the mechanism of the establishment of AP polarity in planarians.
Here, we investigated the upstream regulator(s) of Wnt/!-catenin signaling. We found that Hedgehog (Hh) signaling plays a crucial role for posterior specification in planarians by regulating the transcription of posterior-specific Wnt genes. In addition, we discuss the mechanism of the establishment of AP polarity during planarian regeneration.
Results
"Janus-tails" formation in Djptc RNAi planarians. To get a better understanding of the molecular mechanisms directing AP polarity, we screened a planarian Dugesia japonica EST library (10) for genes robustly responsible for AP polarity. Body fragments (head, trunk and tail fragments) from transversely amputated planarians were examined for regeneration at both the anterior and posterior ends after RNAi by dsRNA injection (11). A homology search and the RNAi screen revealed that D. japonica patched (Djptc) is required for head regeneration in planarians (Fig. 1) . Djptc, which is expressed ubiquitously (Fig. S1 ), codes for a Patched (Ptc) -like receptor, and possesses a conserved sterol-sensing domain characteristic of membrane proteins such as Ptc and NPC-1 (Fig. S2) .
To characterize the defect in head regeneration of Djptc RNAi [Djptc(RNAi)] planarians, we examined the expression patterns of anatomical and molecular markers for AP identity. The expression of DjPC2, a central nervous system (CNS) marker (12),
showed that a cephalic brain did not develop in the "anterior blastema" (a mass of undifferentiated cells at the anterior cut edge of a stump) of Djptc(RNAi) trunk regenerants (i.e., regenerating fragments from the middle part of amputated planarians), although ventral nerve cords (VNCs) did regenerate (Fig. 1H) . Expression of Djndk, a head marker (13), was absent from the anterior portion of Djptc(RNAi) trunk regenerants (Fig. 1I) . Moreover, two tail marker genes, DjAbd-Ba (14) and Dj frizzled-T (DjfzT), a tail-specific Frizzled receptor gene (4), were ectopically induced in anterior blastemas by Djptc RNAi (Fig. 1 J and K) . Regarding gut morphology (the digestive system, consisting of a single anterior and two posterior gut branches; Fig, 1F ), staining of the gut tract with anti-DjAADCA antibody (15) revealed that Djptc(RNAi) regenerants showed posterior fate in the anterior region, as indicated by their bifurcated branching (Fig. 1L) . These results show that not only is the head-identity lost upon Djptc(RNAi), but the polarity is reestablished to yield two oppositely oriented posterior ends, leading to the generation of the "Janus-tails" formation in Djptc(RNAi). Actually, Djptc(RNAi) regenerants occasionally developed an oppositely oriented pharynx, anterior to the original one (arrow in Fig. 1H ), suggesting the intercalation of an extra pharynx according to the reestablished polarity.
Gradual transformation to posterior polarity after Djptc RNAi. To gain more insight into the polarization, we analyzed the expression patterns of relevant marker genes and their expression levels by reverse transcription and quantitative PCR (RT-qPCR) during early regeneration of trunk fragments after Djptc RNAi. DjAbd-Ba expression was induced ectopically and increased gradually in the anterior end of Djptc(RNAi) fragments during regeneration ( Fig. 1 P and S) . In contrast, the expression of the anterior-specific gene DjZicB (16) was not induced in the anterior blastema at regeneration day-1, but rather decreased to the same level as that in the posterior blastema at day-3 in Djptc(RNAi) (Fig. 1 Q and S) . However, Djptc(RNAi) showed no effect on the relative gene expression (RGE) level of brain marker DjotxA (17) at day-1, but showed a decrease by day-3 of regeneration (Fig. 1S) . Also, Djndk expression showed moderate induction in the anterior blastema of Djptc(RNAi) fragments at day-1, but thereafter decreased gradually ( Fig. 1 R and S) . These findings indicate that Djptc RNAi does not cause a complete reversal of polarity from the beginning of regeneration.
Rather, the initial anterior polarity of body fragments is gradually transformed into posterior polarity during regeneration.
Djptc functions upstream of Wnt signaling. Wnt/!-catenin signaling is crucial for posterior specification in planarians (4, 7-9), as it is in many animals. !-catenin is a key mediator of the canonical Wnt/!-catenin cell-to-cell signal transduction cascade in animals (18). To examine the possible relationship between Djptc and Wnt/!-catenin signaling in planarians, we conducted double gene knockdown by co-injection of dsRNAs. We confirmed Janus-heads formation in trunk regenerants after RNAi of Dj!-cateninB (Fig. 2C) , an ortholog of Smed-!catenin-1 (4, 7, 8). Simultaneous Djptc and Dj!-cateninB RNAi also caused Janus-heads formation (Fig. 2D ), indicating that Djptc functions upstream of Dj!-cateninB signaling.
To examine the Djptc/Wnt relationship, we analyzed the transcription of posterior-specific Wnt genes (7, 9), DjwntP-1 and Djwnt11-2 in RNAi trunk regenerants 24 hours after amputation (Fig. 2E) (Fig. S1 ). In contrast, Djhh expression was specifically localized in a subset of cells in intact planarians (Fig. S1 ).
To determine whether Hh signaling is involved in AP polarity during regeneration, we performed RNAi analyses for Hh signaling component genes. In regenerants with RNAi of the positive regulators Djhh and Djgli, weak RNAi treatment caused tail malformation, while strong RNAi treatment and a second round of regeneration caused Janus-heads formation (Fig. 3) . In the head fragments after the first round of regeneration, RNAi of Djhh and Djgli caused Janus-heads formation with the generation of ectopic eyes in the posterior blastemas, as well as loss of the tail identity, as shown by the loss of DjfzT expression (Fig. 3 B and C) . Almost half of RNAi trunk regenerants finally showed loss of the tail identity after the second round of regeneration ( Fig. 3 B' and C'), although they showed no clear defect during the first round of regeneration. Simultaneous RNAi for Djhh and Djgli enhanced this phenotype, including ectopic eye formation around the posterior end of trunk regenerants (Fig. 3 D and D'). Thus, Djhh and Djgli are necessary for posterior specification.
In the case of RNAi of the negative regulator Djsufu, as assessed by Djndk expression in trunk regenerants, Janus-tails formation was also observed similarly to that in Djptc(RNAi) (Fig. 3 F and G; Fig. S3 ), a finding that accords with the similarity of the phenotypes seen in ptch1 and sufu mouse mutants (25, 26). Furthermore, simultaneous RNAi of Djgli was sufficient to suppress this ectopic anterior-tail formation ( Fig. 3 L and M) , but not simultaneous Djhh RNAi (Fig. 3 I and J) . In addition, quantification of the RGE level after Djptc RNAi revealed that the expression of Djptc itself tended to increase (Fig. 3N) , presumably due to the auto-inhibitory regulation of Djptc, which has been described in flies and mice (27, 28) . In contrast, the RGE levels of Djsufu and Djgli were not affected in the anterior blastema in Djptc(RNAi) (Fig. 3N) . Together with the conservation of the Hh signaling cascade among animal species (20-24), these findings strongly suggest that conserved Hh signaling is responsible for posterior specification in planarian regeneration, and Janus-tails formation was caused by activation of downstream DjGli ectopically in the anterior blastema. Fig. 5 F and G) . In contrast, DjwntP-1 expression was predominantly induced in cells along and between the VNCs at the posterior end of regenerants ( Fig. 5 G and H) , but it was also weakly detected in the anterior region (Fig. 5I) . Especially, expression of Djhh and DwntP-1 was not colocalized in the same cells at the posterior end of regenerating fragments ( (Fig. 6B) , in a similar way to that reported in photoreceptor neurons in fly (36) .
These putative Hh signals transported uni-directionally in the VNCs might also maintain AP polarity in intact planarians, by directing the expression of DjwntP-1 to be strongest at the posterior tip ( Fig. 6B; 7, 9 ). Thus, after amputation, the planarian regeneration system does not require a 'reconstitution' of AP polarity in the remaining 
Materials and Methods

Planarians.
A clonal strain of the planarian Dugesia japonica was used in all experiments. The colony was maintained in autoclaved tap water at room temperature in dim light. In all experiments, planarians of 8-10-mm length that had been starved for at least 1 week were used. For regeneration studies, planarians were cut into 3 fragments (head, trunk and tail) transversely anterior and posterior to the pharynx and allowed to undergo regeneration.
cDNA clones. cDNA clones encoding the respective proteins were identified in a previously constructed library of expressed sequence tags (ESTs) (10). Partial cDNA fragments encoding DjFzT, DjWntP-1 and DjWnt11-2 were cloned by PCR. To obtain the full-length cDNA, 5' and 3' rapid amplification of cDNA ends (RACE) were carried out using a SMART RACE cDNA amplification kit (Clontech).
X-ray irradiation. Worms placed on wet filter paper on ice were irradiated with 12 R of X-rays using an X-ray generator (SOFTEX B-4). Five days after irradiation, worms were subjected to the examinations indicated in the text.
Whole-mount in situ hybridization and immunohistochemistry. Whole-mount in situ hybridization was performed with digoxigenin (DIG)-labeled riboprobes (Roche Diagnostics). Animals were treated with 2% HCl in 5/8 Holtfreter's solution for 5 min at 4°C and fixed in 5/8 Holtfreter's solution containing 4% paraformaldehyde and 5% methanol for 3 h at 4°C. Hybridization and detection of DIG-labeled RNA probes were carried out as previously described (38) . After whole-mount in situ hybridization, specimens were subjected to immunohistochemistry using anti-DjAADCA or anti-DjSyt antibody essentially as described (15, 32). In brief, specimens were incubated with the primary antibody (1:1000 dilution) overnight at 4°C. They were visualized using a fluorescent microscope Biozero BZ-8000 (Keyence) with fluorescence-labeled secondary antibodies (Alexa Fluor 488, 1:500; Molecular Probe).
Dual-color detection of mRNA expression was performed essentially as described.
For the detection of DIG-or fluorescein-labeled RNA probes, samples were incubated with specific antibodies conjugated with alkaline phosphatase or horseradish peroxidase 
Fluorescence was detected with a confocal laser scanning microscope FV1000 (Olympus).
RNA interference (RNAi). Double-stranded RNA (dsRNA) was synthesized from appropriate cDNA clones, and was injected into planarians essentially as previously described (usual-dose RNAi; 11). Control animals were injected with distilled water RNAi for Djhh and Djgli (Fig. 3 A-D) . Moreover, all of these phenotypes were suppressed by simultaneous Djgli RNAi (C, E, I and K), as indicated by the single main tract of the gut and also the detection of DjAADCA-positive neurons in the cephalic brain. Bars, 300 µm. 
